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Focusing on “the important” through targeted NMR experiments: 
An example of selective 13C-12C bond detection in complex 
mixtures 
Amy Jenne,a Ronald Soong,a Wolfgang Bermel,b Nisha Sharma,c Antonio Masi,c Maryam 
Tabatabaei Anaraki,a and Andre Simpson†a
Current research is attempting to address more complex questions than ever before. As such, the need to follow complex 
processes in intact media and mixtures is becoming commonplace. Here a targeted NMR experiment is introduced which 
selectively detects the formation of 13C-12C bonds in mixtures. This study introduces the experiment on simple standards, 
and then demonstrates the potential on increasingly complex processes including: fermentation, Arabidopsis thaliana 
germination/early growth, and metabolism in Daphnia magna both ex-vivo and in-vivo. As signals from the intact 12C and 
13C pools are themselves filtered out, correlations are only observed when a component from each pool combines (i.e. 
new 13C-12C bonds) in the formation of new structures. This targeted approach significantly reduces the complexity of the 
mixtures and provides information on the fate and reactivity of carbon in environmental and biological processes. The 
experiment has application to follow bond formation wherever two pools of carbon are brought together, be it the 
incorporation of 13C enriched food into a living organism’s biomass, or the degradation of 13C enriched plant material in 
soil.
Introduction
Questions in science research are becoming increasingly 
complex, with biological and environmental relevance always 
at the forefront of discussion. Almost every natural sample 
including soils, atmospheric particles, plants, aquatic dissolved 
organic matter, and animals can be thought of as complex 
mixtures. Often isolation or fractionation can reduce 
complexity and make mixtures more amenable to a wider 
range of instrumental analyses. Conversely, it can be argued 
that it is often the synergism between components and phases 
in complex samples such as soil and living organisms that give 
rise to overall structure and function, and therefore must be 
kept intact.1 
Nuclear Magnetic Resonance (NMR) spectroscopy is unique 
in that it is highly versatile and can be applied to liquids, gels, 
and solids. Thus it has applications to study both intact 
mixtures/systems or extracted/isolated sub-components.2 
NMR combines very high resolving capabilities, a diverse range 
of experiments to measure structure, dynamics, and 
interactions, while being non-invasive, and non-destructive.3–6 
The high resolving potential of NMR is often underestimated, 
but summarized beautifully by Hertkorn et al. The authors 
estimate 1D 1H and 13C NMR have peak capacities of ~3,000 
and 30,000, while 2D 1H-13C increases to ~2,000,000 and 3D 
NMR to ~100,000,000.7 On extrapolation to 7D NMR, which 
has recently been demonstrated on disordered proteins via 
sparse sampling approaches, the peak capacity can potentially 
reach on the order of 1018.8–10 Of course, in most 
environmental and biological samples, the limiting factor is a 
lack of sensitivity when dispersing signals into a larger number 
of higher dimensions. However, as NMR sensitivity continues 
to increase and sparse sampling approaches improve,11 NMR 
experiments of high dimensionality become more feasible, and 
will therefore likely become central to the next generation of 
complex mixture research.12 Arguably, one of the most 
impressive applications to date on environmental systems is by 
Bell et al.13 Humic substances in soil have been described by 
many as the most complex known mixture.14 Bell et al. 
combined selective labelling and 4D NMR to gain exquisite 
information on the lignin derived components from soil, with 
the approach identifying many of the exact structures for the 
first time.13 
When performing mixture-based research there are two 
avenues that can be pursued, namely targeted and non-
targeted analysis, for which NMR has strong capabilities in 
both. However, many analytical approaches are available for 
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targeted analysis, while NMR’s high reproducibility, non-
destructive, and non-selective nature (i.e. any compounds 
containing an NMR active nucleus can be detected) make it 
uniquely suited for non-targeted analysis.15 Deciding on a 
targeted or non-targeted approach is most commonly driven 
by the research question itself. For example, if the question is 
“what is the molecular composition of aquatic organic 
matter?”, it would make sense that a researcher apply the 
highest resolution molecular tools available and try to evaluate 
what components make up the mixture as a whole in a non-
targeted fashion.16–18 Conversely, if the goal is to follow the 
fate of specific contaminants in soil, then having an NMR 
nucleus such as 19F allows targeted monitoring of the 
contaminant and its interactions, providing information 
specific to the target of interest.19 The study of Bell et al. was 
successful in identifying novel structural units because the 13C 
enrichment targeted the lignin components in the soil organic 
matter.13 In turn, this reduced the overlap with carbohydrates 
and allowed a wealth of new information to be uncovered. In 
both the targeted examples above, a specific NMR nucleus (13C 
or 19F) was introduced to provide the selectivity. In the current 
study, a slightly different approach is explored. Instead of 
monitoring a label selectively, the filtering is built into the 
NMR experiment itself. Here, a new experiment is developed 
that specifically targets the formation of 13C-12C bonds, where 
13C-13C bonds and 12C-12C bonds are not detected by the 
experiment. This experiment could have widespread 
implications for any studies that bring two separate pools of 
carbon together and complements other experiments that are 
currently used for isotopic tracing by NMR.20–22 For example, in 
2006 a year-long study was performed following the fate of 13C 
plant biomass as it degraded using HR-MAS NMR.23 While 
humic substances are now thought to be largely complex 
mixtures,24,25 at the time humic substances were thought to be 
chemically distinct, and formed from crosslinking components 
within soil organic matter.26 As such, one of the goals of the 
2006 study was to see if new bonds were formed. However, as 
the study followed just the fate of the 13C enriched plant 
biomass, and as the material was so complex, while it was 
possible to see general changes (i.e. carbohydrates degraded 
fast, aliphatics accumulated etc.) it was not possible to 
definitely see if crosslinks formed between the 13C enriched 
plant biomass and other components in the soil.23 If this were 
to be repeated with the experiment introduced here, it should 
be possible to target only the new bonds between the 13C-12C 
which would help unravel how molecules are degraded, and if 
any novel recalcitrant structures do form within soil during 
humification. Additionally, the approach could have huge 
implications for monitoring and understanding the transfer of 
carbon in food webs. For example, Daphnia magna are a 
keystone aquatic species (a key food source for many fish) but 
cannot synthesize many lipids and sterols de-novo, and are 
reliant on algae for nutrition.27 As such D. magna are one of 
the most studied species in ecology, yet details as to the 
individual molecular species, their sources, and their impact on 
growth is still not fully understood.28 We anticipate that by 
utilizing targeted experiments that focus on 13C-12C bond 
formation, then detailed studies, that for example feed 13C 
enriched Daphnia with 12C algae (or vice versa), could provide 
insight on exactly how these organisms utilize food, and likely 
provide a better understanding of the biochemical pathways 
involved. Another example of a specific NMR experiment 
tailored for selective detection would be the amino acid-only 
experiment developed to selectively observe amino acid- 
profiles in living organisms.29
This study introduces the selective 13C-12C experiment, first 
on simple standards, and then demonstrates its potential on 
processes of increasing complexity including fermentation, 
plant growth, and Daphnia metabolism both ex-vivo and in-
vivo. We anticipate that due to the versatility of NMR 
spectroscopy many more targeted experiments can be 
developed in the future that examine specific components or 
processes within complex environmental samples. 
Experimental
Ethanol Fermentation
Ten milligrams of 1-13C-Glucose (Sigma Aldrich) were 
dissolved into a 1.5 mL 90:10 water and D2O solution. Baker’s 
Yeast (Produced by ACH Food Companies Inc.) was added to 
the mixture, vortexed for 30 seconds, and then allowed to 
settle. The remaining suspension was then placed into a 5 mm 
NMR tube (Norell Inc. NJ, USA) and monitored inside the NMR 
instrument over 24 hours. 
Daphnia magna Culturing
D. magna were cultured from a colony originally purchased 
from Ward’s Scientific and maintained at 20°C, a water 
hardness of 124 mg CaCO3 L-1, and pH 7.5-8.5, consistent with 
local freshwater conditions. Cultures were kept under a 16:8 
light/dark cycle. Species were fed 99% 13C enriched 
Chlamydomonas reinhardtii (purchased from Silantes, GmbH)30 
as their sole food source for 14 days starting at birth, to 
produce enriched 13C organisms. Daphnids were fed three 
times a week, and at the same time water was changed to 
ensure sufficient oxygen content. D. magna were also 
provided vitamin B12 (Sigma Aldrich, 2 µg/L) once a week to 
help with growth. Prior to NMR studies, organisms were 
placed in clean, aged water (dechlorinated via bubbling for one 
week) for 30 minutes to clear off residual algae. During the 
NMR experiments, the food source was switched to 
unenriched Chlamydomonas reinhardtii cultured in the lab 
using Bold’s Basal Medium and following the Ministry of 
Ontario’s Standard Operating Procedure for Algae Culturing. 
Sterilization and Growth of Arabidopsis thaliana
The Wild-type Columbia (Col-0) Arabidopsis thaliana seeds 
(Originally from TAIR, OH, USA) were sterilized by a chlorine 
gas method. This method does not affect the seed viability, but 
removes microbial contaminants present on the seed 
surface.31 The seeds in the Eppendorf tubes with the cap open 
were placed in the desiccator. 100 mL of bleach and 6 mL of 
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concentrated HCL (both from Sigma Aldrich) were placed 
inside the desiccator separately in a beaker. All the processes 
were performed inside the fume hood. After six hours of 
sterilization, the seeds were collected and stored in the 
freezer. The sterilized Wild-type Columbia (Col-0) Arabidopsis 
thaliana were grown in sterilized Murashige and Skoog (MS) 
growth medium containing 1% (w/v) glucose. For NMR 
experiments, uniformly labelled 13C6-Glucose at 99% 13C 
enrichment (Silantes, GmbH) was used. The seeds were then 
cold-stratified for three days. The plates with sterilized seeds 
were transferred to the dark for seven days at 21°C. Seedlings 
were collected on day zero, day one, day three, and day seven 
for NMR analysis.
Sample Preparation and Extraction of D. magna and A. thaliana
20 Fully labelled D. magna were removed from the culture, 
flash frozen with liquid nitrogen, and lyophilized. The 
remaining organisms were switched to natural abundance 13C 
algae as their food source, and sampling was repeated every 
24 hours for four days. Metabolites were extracted following 
the protocol by Nagato et al.32 using 3.2 mg of dried sample in 
65 µL of buffer and placed in 1.75 mm capillary tubes 
(Hirschmann, Eberstadt, Germany) for 2D NMR analysis. 
A. thaliana samples were extracted using the protocol 
above prior to measurement, using 3.2 mg in 65 µL of buffer, 
and also in 1.75 mm tubes.
NMR Spectroscopy
NMR Experiments on Extractions
NMR experiments on extractions were performed using a 
Bruker Avance III 500 MHz NMR equipped with a 1H-13C-15N TXI 
1.7 mm microprobe fitted with an actively shielded gradient. 
The selective 13C-12C experiment is discussed in the main text. 
Data were collected with 98 increments, each with 16 scans (1-
13C-Glucose, 1,2-13C-Glucose, and fermentation), and 64 
increments with 832 scans (plants), and 896 scans (daphnids), 
2048-time domain points, a recycle delay of one second, a 
30ms or 80ms (see main text) TOCSY mixing time, a 1J 1H-13C 
coupling of 145 Hz, and GARP-4 for decoupling. Presaturation 
(~100 Hz bandwidth) was applied during the recycle delay to 
help reduce large water signals when required. The 90° pulses 
were determined in each sample. Data were processed with a 
sine-squared function phase shifted by 90° in both dimensions 
and a zero-filling factor of 2.
In-vivo Flow System
A low-volume flow system was utilized for these 
experiments. This was accomplished using the system and 
method created by Tabatabaei Anaraki et al.33 40 Daphnia all 
14 days old (fed only 13C algae from birth), were placed in a 
high-precision, thin-walled 5 mm NMR tube (Wilmad-LabGlass, 
NJ, USA), with a Teflon plug (machined in-house) placed in the 
bottom of the NMR tube to prevent the daphnids from 
swimming outside the coil region. The top plug was created 
out of Teflon to keep the injection capillary glass and D2O 
capillary in place (created in-house), and to keep all the 
daphnids within the coil region, maximizing signal. The flow 
rate was set at 0.25 mL/min, and the reservoir contained 
oxygenated water and unenriched algae. This enables the 
daphnids to survive, and remain in a low-stress environment in 
the instrument by providing consistent food and oxygen. The 
entire system is placed inside the NMR and kept at 5°C to slow 
down the movement of the daphnids, enabling better water 
suppression and more stable signal. Separate in-vivo NMR 
experiments were conducted for 24 hours on fully enriched 13C 
Daphnia, and Daphnia after being fed 12C algae outside of the 
instrument for nine days. 
In-vivo NMR Experiments
Experiments were performed on a Bruker Avance III HD 
500 MHz (1H) NMR spectrometer using a 1H-13C-15N TCI Prodigy 
cryoprobe fitted with an actively shielded z-gradient. The 
external D2O capillary lock (~5 µL) was integrated into the flow 
system and all experiments were run locked. The 13C-12C 
experiment was performed as with extracts, with the 
exception that the reversed editing block was removed to 
increase SNR and reduce relaxation. Presaturation (~100 Hz 
bandwidth) was applied during the recycle delay to help 
reduce the large water signal. 90° pulses determined in each 
sample and a TOCSY mixing time of 30ms was used. A total of 
128 increments were collected, each with 480 scans, 2048-
time domain points, and a recycle delay of one second. The 
INEPT transfer was based on 1J 1H-13C coupling of 145 Hz. Data 
were processed with a sine-squared function phase shifted by 
90° in both dimensions and a zero-filling factor of 2. 
Spectral Assignments
Compound identification and assignment were done using 
AMIX (Analysis of MIXtures software package, version 3.9.15, 
Bruker BioSpin, in combination with the Bruker Bio-reference 
NMR databases version 2-0-0 through 2-0-5. Spectra were 
calibrated against the Bruker Bio-reference NMR databases 
using Tyrosine and D-glucose resonances for reference. 
Assignment was performed using a procedure previously 
described.34,35
Results and Discussion
Basic Pulse Sequences and Spectra
Figure 1 shows the basic sequence used for the selective 
detection of 13C-12C bonds. In practice, sequences A and B are 
acquired in an interleaved fashion such that slice one of the 2D 
is the result from sequence A, and slice two is the result of 
sequence B. The datasets are split after acquisition to yield 
separate datasets. As A is essentially a “reference” for B it is 
important to collect the data sets at similar time points which 
is the purpose of interleaving the acquisition.
The result of sequence A is a standard reverse HSQC where 
the CH2 moieties are reflected around the carbon offset 
(O2P).36 The advantage is that in complex samples the editing 
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improves spectral dispersion and helps reduce overlap 
especially in the aliphatic region where chemical shift overlap 
between CH/CH2/CH3 is common. The added dispersion will 
become clearer in more complex samples shown later in the 
manuscript (see Figure 4 as an example).
Figure 1 inset 1 shows the results from sequence A on glucose 
labelled with 13C at the 1-position (1-13C-Glucose). As position 
one is a C-H group, the result from sequence A in this case is 
the same as a conventional HSQC spectrum and two cross 
peaks arise, one from α-glucose and one from β-glucose. In 
Figure 1-2 the adiabatic TOCSY block is activated, and protons 
attached to 13C are now allowed to mix with all other protons 
in the sample (both those attached to 13C and those attached 
to 12C). The result is similar to an HSQC-TOCSY experiment, 
with relays along the horizontal plane. Readers should note 
that the dataset in Figure 1-2 is not actually recorded using 
sequence B, but is included as an additional step to make it 
easier to visualize how the experiments work (i.e. progressing 
from Figure 1-1 through 1-3). An adiabatic TOCSY37 is used as it 
shows superior mixing in complex natural samples over MLEV 
and DIPSI.3,38 
The result of the full sequence B is shown in Figure 1-3. 
After the TOCSY block and additional 13C filter is applied 
between 1-2 and 1-3, the signals from any protons attached to 
13C are cancelled. The final result is the 1H attached to 12C are 
selectively detected. It is important to note that for peaks to 
occur in the first place they must be in the same 1H-1H spin 
system as a 13C nucleus. If a molecule contained only 1H-12C 
then the protons would not be selected by the first block. If a 
molecule contains all 13C then the last filter would cancel the 
signals such that they are not detected. As such the 
experiment selectively detects 13C-12C in proximity (albeit via 
their attached protons as 12C is NMR inactive). The maximum 
number of bonds between the 13C and 12C that can be 
detected is determined by the TOCSY mixing time. In this first 
example 80ms is used, as such, correlations from the 13C 
labelled 1-position relay around most of the glucose ring and a 
number of short (COSY), and long (TOCSY) correlations are 
seen. However, if the TOCSY mixing time is reduced to 30ms 
mainly COSY type interactions are emphasized. In complex 
samples this can reduce crowding in data and make it a little 
easier to interpret. Conversely, additional long range TOCSY 
correlations can be useful in aiding spectral assignment. 
Figure 2 shows the results of sequence B performed on 1-
13C-Glucose using a 30ms mixing time for comparison to Figure 
1, such that only the COSY correlations to 12C show. The result 
being that only the 12C directly adjacent to 13C are selected. 
When the result of sequence A (Figure 2A) and sequence B 
(Figure 2B) are overlaid (Figure 2C) the one bond 1H-13C 
crosspeaks are blue while correlations to the 12C adjacent are 
shown in red. We find this differential colouring approach very 
convenient for visualizing datasets, if a red and blue crosspeak 
appear on the same horizontal row, this indicates a 13C and 12C 
unit are directly bonded. Interpretation from assigned NMR 
databases is easy, as HSQC crosspeaks are commonly labelled 
with the corresponding structural position (H1/C1, H2/C2 etc.). 
In the example shown in Figure 2, first the blue cross peaks 
(one bond correlations of 1H-13C) are identified and then using 
the assigned molecular structure, the crosspeak (and thus 
chemical shifts) of the adjacent 1H-12C unit are found. If the 
molecule selected for assignment is indeed correct, then the 
proton chemical shift of the relay should match the proton 
chemical shift at the same position in the molecule of interest. 
In the case of 1-13C-Glucose, the relays match exactly with the 
proton chemical shifts of carbon 2 in both α-glucose and β-
glucose as expected. If assigned molecules are not available in 
a database, then assignments could be performed by referring 
to the HSQC and COSY (or TOCSY when a longer mixing time is 
used) data in combination. The one bond correlation would be 
identified from the HSQC data and the chemical shift of the 
proton relay from the COSY data. Whichever way the 
assignment is performed the experiment gives a convenient 
approach to monitor the formation of 13C-12C bonds. 
A Simple Process: Fermentation
To demonstrate the concept further, 1-13C-Glucose was 
allowed to ferment in the presence of Baker’s yeast 
(Saccharomyces cerevisiae) to form ethanol over 24 hours 
inside the NMR. Figure 3A shows the overlaid one-bond/relay 
data before the experiment began, which is essentially 
identical to that shown in Figure 2C. After 24 hours of 
fermentation, ethanol has formed. In Figure 3B, it can be seen 
that the CH3 group in the ethanol has been derived from the 
13C labelled 1-position (blue contour) while the CH2 group is 
from 12C (red contour). This is consistent with the well 
understood process of fermentation of glucose. Under 
anaerobic conditions, glucose breaks down to form ethanol, 
with the help of ATP and NADP/H. Through this process the 
six-membered ring breaks, resulting in two 3-carbon pyruvate 
derivatives, which are then broken down into 2-ethanol. 
Through this process, the result is a 13C in the 1 position, and a 
12C in the 2 position.39,40 A simplified mechanism of the 
fermentation process can be seen in Figure 3C.
A Complex Process: Daphnia Magna Ex-Vivo
Figure 4 demonstrates the approach in a much more 
complex system. In this case Daphnia magna have been fed 
99% 13C enriched algae two weeks from birth such that the 
overwhelming majority of carbon in their biomass is 13C. After 
this they were fed 12C algae (natural abundance 13C) for 96 hrs. 
During this time, it is expected that 13C-12C bonds will form as 
their new 12C food is incorporated into their 13C biomass. A 
TOCSY time of 80ms is used in this example such that both 
long- and short-range correlations are observed. Samples were 
taken every 24 hours over four days and extracted using a 
phosphate buffer. Figure 4A shows the result after 96 hours. 
The CH2 in the reversed HSQC are flipped around the carbon 
offset (100 ppm in this case) and appear in the lower right 
quadrant of the data set. CH3 and CH appear as they would in a 
conventional HSQC experiment. The data are highly complex, 
and the full analysis is beyond the scope of this paper. 
However, five regions of interest have been highlighted. 
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Region one is consistent with a relay from the adenine 
group to the ribose ring in energy molecules (i.e. ATP, ADP, 
and AMP). This indicates the adenine is coming from the older 
13C carbon pool while the ribose has been synthesized from 
the 12C biomass introduced over the last 96 hours.41,42 In this 
case, the adenine and ribose link via a quaternary N center and 
protons on each side of this (one from adenine and one from 
ribose) TOCSY correlate due to the 80ms mixing. This has been 
confirmed by cross-checking the TOCSY spectra of energy 
molecules (ATP, ADP, AMP) in Bruker bio-reference databases 
which all show this correlation.35 The formation of energy 
molecules from carbon coming from different pools is 
consistent with the glycolysis and glycogenesis pathways used 
by D. magna for energy formation. These are major energy-
creating pathways in crustaceans producing vital ATP and 
NAD/H.43 Pyruvate is formed from the breakdown of the 
glucose contained within the algae, and given the cyclic nature 
of the tricarboxylic acid (TCA) cycle, these pyruvate molecules 
can come from either labelled or non-labelled algae. These 
pyruvate molecules then form into new energy containing 
molecules that are used by D. magna. This process has been 
studied extensively using cell flux analysis with E. coli and S. 
cerevisiae. Upon adding labelled glucose into the system, 
energy metabolism can be monitored and is seen to occur via 
the glycolysis/glycogenesis pathway.42,44–46 By our estimate, 
this may be the first time this process has been examined 
directly in D. magna. 
Region two is consistent with relays from 13C enriched 
lipids to 12C lipids containing double bonds. Daphnia are 
known to assimilate most of their lipids from their diet and 
cannot synthesize many essential fatty acids from scratch.27,47–
49 As the food source is changed to unenriched algae, the 
Daphnia begin to form lipids from the new food source. Acetyl 
CoA, derived from pyruvate and the degradation of glucose, is 
used as a primer for the carbon chain, and elongated by the 
repeating condensation of malonyl-CoA yielding lipid 
pools.50,51 As well, some dietary fatty acids are able to be 
desaturated in the carboxyl direction, as opposed to the 
methyl direction and then elongated to form polyunsaturated 
fatty acids.50 The correlation between 13C-12C in the lipid chains 
suggest existing lipids are being modified with units derived 
from the new 12C food source. 
Region three is consistent with protons in 13C lipid chains 
relaying to the 12C adjacent to an oxygen such as in a 
phospholipid head or even an ester group. This follows the 
above explanation where the formation of phospholipids to 
lipids occurs through dietary routing, which is the process of 
linking together multiple fatty acid or lipid chains through 
digestion, where the chains can be from different carbon 
pools.50
Region four are carbohydrates including glucose 
breakdown and formation. As the experiment uses an 80ms 
TOCSY spinlock, coupling around the entire hexose ring is 
expected. As such the correlations indicate that 12C and 13C are 
being brought together to form the carbohydrates. This is 
consistent with the process explained above in the breakdown 
of glucose through glycolysis and then the re-formation 
through glycogenesis. As there will be pools of 13C pyruvate 
and 12C pyruvate the glucose can get re-formed with 12C 
theoretically in any position, resulting in 13C-12C relays 
observed within glucose.52
Region five is consistent with α-protons in amino acids 
relaying to the side chains. The peaks are the closest match for 
a mixture of glutamine and glutamate. This is consistent with 
studies in rat brains which quickly assimilate glucose into 
glutamate.46,53 After this, glutamine can be formed from the 
glutamate by glutamine synthetase.54,55 The fact that 13C and 
12C are found in the same system suggest that both 12C and 13C 
are feeding the glutamate-glutamine cycle which produces 
amino acids containing both isotopes.56 Glutamine and 
glutamate are used by Daphnia magna to aid in glucose 
metabolism similar to a wide range of species.56
While the 2D NMR data contains a wealth of information 
down to the exact bonds involved in key processes, the 1H 
projections represent a complementary source of information. 
As explained above the only 1H signal remaining at the end of 
pulse sequence B are relays to 1H-12C that are in close 
proximity to 13C. As such the 1H projection essentially gives a 
simple visual as to the fate of 12C as a process progresses. 
Consider, for example, the 13C Daphnia feeding on 12C algae. At 
the start of the experiment, the Daphnia are fully 13C enriched 
so no signal is expected in the 13C-12C experiment or its 1H 
projection. However, overtime as the Daphnia utilize the 12C, 
new molecules are formed bringing together both 13C and 12C, 
and signal will appear in the 13C-12C experiment. In turn, the 1H 
projection shows the fate of the 12C and what type of 
molecules it has become incorporated into. Figure 4B shows 
the 1H projections over time as the Daphnia utilize 12C. At time 
zero the spectrum is essentially blank, as expected. However, 
some small signals are present consistent with an adenine 
group. Prior to lyophilizing, the Daphnia were transferred and 
stored in aged water (which itself contains an algal 
background) for ~30 min. It is likely the Daphnia used this 12C 
to start making adenine, the precursor required for energy 
molecules such as ADP/ATP/AMP. 
After 24 hours of exposure to the unenriched food 12C has 
been incorporated into a range of structural categories. Signals 
from energy molecules have become much stronger, and key 
ribose signals around 6 ppm start to appear indicating a 
portion of both the adenine and ribose units are being made 
from 12C substrates and are being brought in proximity to 13C. 
In addition, a range of amino acids and carbohydrate signals 
also appear. It is important to remember that to appear in the 
spectrum a 13C and 12C must be bonded together somewhere 
in the molecule, as such the experiment selectively detects 
new molecules that had to have been synthesized de-novo 
from the food source. After 55 hours the spectral profile is 
relatively similar with the exception of carbohydrates that 
have ~doubled in intensity, consistent with the newly 
introduced 12C biomass being combined with 13C likely for 
energy via glycolysis.42,46 After 96 hours a distinct broad signal 
is noted around 1.2 ppm consistent with (CH2)n in lipids. This 
indicates the Daphnia are modifying 13C lipids using 12C from 
their food source. This is particularly interesting, as mentioned 
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above Daphnia cannot synthesize many lipids and rely on their 
food to assimilate many essential fatty acids. In addition, the 
lipids incorporated from their diets are key for reproduction. 
As Daphnia reproduce asexually, the lipid content is required 
for egg formation, and spikes immediately prior to birth, which 
is on average every 2-3 days.57 Daphnids without proper lipid 
content stop producing viable offspring, and will often start to 
convert to sexual reproduction.58 Thus, the use of lipids in 
Daphnia is key to their survival. Further, as Daphnia are 
keystone species, the stable reproductive cycles are imperative 
for many species’ survival. Daphnia are found in almost every 
fresh water body worldwide, and are the food source for many 
other aquatic species.48,59,60 Therefore, the use of lipids is not 
only key to Daphnia survival, but also has many potential 
negative consequences to higher trophic levels (i.e. fish and 
higher predators) based on available food sources. As such the 
13C-12C experiment introduced here specifically targets the 
modification of existing 13C lipids by 12C, and could be quite 
important in uncovering a better understanding of lipid 
modification and utilization in key species such as Daphnia.
Working in Reverse: 13C6-Glucose in Arabidopsis thaliana
Figure 5 depicts the germination and early growth of 12C 
Arabidopsis thaliana seeds in the dark using 13C6-Glucose as 
the sole carbon source as previously described.61 This study 
has been designed as the reverse of the Daphnia study such 
that the process begins with 12C carbon, and 13C is added into 
the system. As the plants are stored in the dark, 
photosynthesis does not occur, and the seeds grow via 13C 
sorption through its husk and later uptake via roots after initial 
germination. In this situation, the question becomes “what 
does the plant synthesize from the 12C stored in its seeds?” As 
original biomass in the seeds is the only source of 12C, the only 
way structures can appear is if the carbon from seed biomass 
is combined with 13C derived from the glucose, forming a new 
structure. After one day of germination/growth, no new 
signals are seen (see small inset in Figure 5A). However, after 
one week of growth, the plant extract shows three main types 
of signals arising from several different pathways. There are 
three sections that are worth highlighting in Figure 5B.
In region one, the new peaks arise from the synthesis of 
glutamate. This amino acid is crucial in the health of plants as 
it is used for assimilation and dissimilation of ammonia that is 
then transferred to all other amino acids in the plant.62 As well, 
glutamate has been shown to be the precursor to chlorophyll 
synthesis in developing leaves.62 Glutamate, like many of the 
metabolites under examination, is formed through the TCA 
cycle in plants and animals, therefore it also has implications in 
regards to energy formation.56,63 Given the importance of this 
amino acid to plant health, it is expected that its formation 
would occur relatively quickly in the growth of Arabidopsis. In 
this experiment α13C-β12C (peak 1A) and α12C-β13C relays (peak 
1B) are seen for glutamate indicating 12C and 13C pools are 
likely brought together from isotopically different sources via 
the TCA cycle. 
Region two represents relays from the 13C portions of 
glucose to 12C at the 1-position. As a TOCSY mixing time of 
80ms was used for the plant study, long range interactions 
around the ring will be observed. Plants, like all living things, 
use glucose as an energy source for ATP formation, and 
without light, the glycolysis process occurs much like in 
Daphnia. The glucose gets broken down into two pyruvate 
molecules, and then moves through the TCA cycle to form 
ATP.64,65 However, pyruvate can also move ‘backwards’ 
through gluconeogenesis to reform glucose, but the two 
pyruvates can be from different carbon sources. This results in 
a glucose molecule with C1-3 with one isotope and C4-6 as 
another.
Region three represents energy molecules such as 
ATP/ADP/AMP with a 13C adenine connecting to a 12C ribose 
ring. Much like in the Daphnia, the plants utilize the glucose 
through the TCA cycle to create energy molecules.44,45 The 
results here indicate that a portion of the energy molecules 
are created when adenine derived from the 13C6-glucose is 
combined with ribose derived from the seed (12C). 
Daphnia magna In-vivo
To further test the applicability of the 13C-12C experiment, 
the sequence was applied to a flow system containing living 
Daphnia raised on 13C from birth. The main difference here is 
that the editing step has been removed from the sequence in 
Figure 1B such that the CH2 groups are not flipped around the 
13C offset. The reason for this is that in intact samples such as 
living Daphnia, relaxation is very fast. Therefore, it is prudent 
to reduce the pulse sequence length as much as possible. 
When the CH2 edited step was removed, it was found the 
signal intensity doubled over the edited version in-vivo. Due to 
the additional signal, the non-edited version was applied to 
the in-vivo system. 
Figure 6A shows a conventional HSQC experiment for 
reference, which represents all the 1H-13C bonds in the sample. 
Figure 6B shows the result of the 13C-12C experiment of the 
Daphnia grown solely with 13C algae since birth. As the 
organisms contain only 13C, no signals appear in the 13C-12C 
experiment. Note, the vertical streak centered around 5 ppm is 
the breakthrough of residual water due to the fact that the 
organisms are swimming in 100% pure H2O and 90% of their 
bodies are also water, making perfect water suppression 
incredibly difficult. Figure 6C shows the same culture of 
organisms after nine days of being fed 12C carbon. As can be 
seen, 12C has been incorporated into the original 13C biomass 
at various sites. Interestingly, despite the complexity of the 
system, all the correlations are relatively easy to assign based 
on the literature,66–68 and arise from the modification of lipids 
(see Figure 6D). Various structures can be identified, most of 
which appear twice with the relative locations of the 13C and 
12C switched. This suggests that the Daphnia can utilize the 12C 
and 13C pools in similar ways. For example, it indicates the 
organisms can modify 13C lipids from their own biomass with 
12C from their new diet. It also suggests they can modify 13C 
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lipids from their new diet using 12C carbon derived from their 
own biomass.
As discussed previously, Daphnia are limited in the lipids 
they can make, thus lipid incorporation from their diet is very 
important.48,57,58 The expectation is that modification of their 
food source, and lipids from their own biomass will result in 
new peaks formed using this sequence. For example, as the 
organism digests the algae, the lipids are broken down into 
single chain fatty acids that can then be desaturated and 
elongated using carbon already in the system.50 Such lipids can 
be utilized to make more complex chains of lipids with 
additional carbon coming from either the diet (12C) or biomass 
(13C) pools.69,70 This would occur relatively quickly and in 
higher concentrations compared to other metabolites due to 
the energy requirement from the lipids, and the inability to 
synthesize them internally. This experiment is a powerful 
approach to providing information in a complex in-vivo system 
for processes such as lipid modification that are currently not 
well understood.28 
The Future Potential for Quantification
The ability to quantify the ratio of 12C/13C at a given 
position in a molecule would be extremely useful in 
constrained metabolic models, and tracing pathways.71,72 
Using the sequence outlined in Figure 1B it is not possible to 
quantify the 12C/13C ratio as the intensity of the cross peaks 
depends on both the efficiency of the TOCSY transfer and the 
abundance of 12C in the peaks. Unfortunately, a rigorous 
implementation of a quantitative approach is beyond the 
scope of this paper and would likely take years of research to 
implement thoroughly in complex systems. That said, it is 
worthwhile to consider the future potential for quantification 
on a standard that paves the way for development and further 
discussion.
Figure 7 shows two pulse sequences that when used in 
combination, in theory, should permit quantification of site 
specific 13C/12C ratios. The result of Figure 7B is in fact identical 
to Figure 1B (i.e. relays to 12C remain, while 13C is subtracted). 
Figure 7A is derived from 7B with the goal to keep the pulses, 
durations, and timing identical between the two sequences. 
After the TOCSY proton magnetisation is excited and the CH 
coupling evolves for 1/2J, either block A or B are executed. In 
case of B, the first 13C 90o pulse converts the magnetisation 
into unobservable zero and double quantum coherence. 
Remaining proton magnetisation can again evolve into CH 
antiphase magnetisation which then is also converted into 
unobservable magnetisation by a second 13C 90o pulse, thus 
enhancing the efficiency of the filter. For block A the position 
of the second 90o pulse (of B) is changed (moved to the 
beginning). These two 13C 90o pulses now act as a 180o pulse 
and reverse the J evolution so that at the end of block A all the 
magnetisation is back in phase and no filtering takes place. The 
net result is that sequence 7A now allows both protons 
attached to both 1H-13C, and 1H-12C signals pass, while 
sequence 7B blocks the 1H-13C signals. As the timing in both 
sequences is identical, Figure 7A acts as a reference for the 
sequence shown in Figure 7B. As such we will refer to the 
sequence in Figure 7A as the “quantitative reference” while we 
will refer to the sequence in 7B as the “12C-only sequence.” 
The TOCSY transfer in both will be identical, as such, the 
difference in signal intensity between the reference and the 
12C-only sequence will be from the subtraction of the 13C 
signal. The concept is best explained on a standard. Figure 7 
panel 1 shows the result from 99% 1,2-13C-Glucose. Two 
horizontal bands appear, the upper band representing 
correlations between the 2-13C position and protons around 
the ring, with the lower band representing correlations 
between the 1-13C position and the ring protons. As there is no 
X filter, both protons attached to 12C and 13C appear in the 
spectrum. Figure 8A (top spectrum) shows the proton 
projection from the experiment. Conversely, Figure 7 panel 2 
shows the result with the X filter turned on such that the 13C 
signals subtract. The corresponding projection is shown in 
Figure 8A (bottom spectrum). Figure 8B shows the spectra 
superimposed and it is clear the intensity from protons on 12C 
are near identical in both experiments while those from 13C are 
completely suppressed. As such the ratio between the two 
spectra indicates the 13C positions are essentially fully labelled 
(99%) while the 12C positions are essentially 13C free. In reality, 
of course, the 12C position will be at natural abundance and 
should contain ~1.1% 13C. Looking at the peaks, there is a very 
slight reduction that is consistent with a 1% reduction in signal 
at the “12C-position,” but the accuracy and reproducibility of 
this would need to be the subject of a much more extensive 
study. Future work would need to focus on standards with 
different levels of 13C enrichment to assess how well ratios can 
be determined and the errors associated with such 
measurements, before measurements in complex systems 
would be meaningful. The goal here is simply to introduce one 
possible route towards isotope ratio quantification in products 
that are formed when 12C and 13C are bonded together in a 
complex process, that is a natural extension of the qualitative 
experiments introduced in the main body of this work.
Conclusions
A new method of examining new bond formation using 
targeted 2D NMR has been explored. With this new sequence 
13C-12C bond formation can be selectively observed. To show 
the concept, processes from simple fermentation to complex 
metabolic examination in Daphnia magna and Arabidopsis 
thaliana were examined both ex-vivo and in-vivo. The results 
provide insight into how these species utilize food and energy 
sources and synthesize new molecules such as glutamate, ATP, 
and lipids. Quantification is briefly considered, and the 
sequence is modified to provide site specific 13C/12C ratios 
within a simple standard. However, additional further 
characterization with partially labelled standards is required to 
determine the error of such measurements before application 
to complex systems. 
In summary, the approach provides a unique insight into 
the fate and reactivity of carbon in environmental and 
biological samples. After detailed spectral interpretation, it 
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should be a useful tool in understanding how organisms utilize, 
store, and transform carbon. Similarly, in environmental 
research, the transformation and fate of organic matter are of 
widespread interest. If an enriched substrate (for example, 13C 
enriched plant biomass, 13C enriched biochar, or a 13C enriched 
contaminant) is introduced in soil, sediment or water, the 
experiment should identify when these materials become 
functionalized, or degraded and recombined with 12C from 
their environment. In turn, this should provide better insight 
into carbon sequestration, carbon cycling, humification, and 
contaminant fate. 
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Figure and Captions 
Fig. 1 The basic qualitative sequence. A) A reverse HSQC. Narrow rectangles indicate a 90° pulse, whereas wide rectangles indicate a 180° pulse. 
Unless otherwise stated, pulses are applied along the x-axis. Open trapezoids represent smoothed chirp pulses for inversion with a pulse length of 500 
µs, a sweep width of 60 kHz, defined with 1000 points and with a 20% smoothing of the amplitude on either end. The pulsed field gradients are 
indicated as filled sine envelopes and are 1ms in length. The amplitudes of the gradient pulses have the following ratio: G3=60%, G4=40%, G5=31%, 
G6=19%, G7=23%, and G8=13% (with 100% being 53.5 G/cm). The pulsed field gradients are applied along the z-axis followed by a gradient recovery 
delay of 200 µs. The following phase cycling was used for the pulse sequences: ϕ1=0, ϕ2=1, ϕ3=0 2, ϕ4=0 0 0 0 2 2 2 2, ϕ7=0 0 0 0 2 2 2 2, ϕ8=0 0 2 2, 
ϕ9=0 1 2 3, ϕ10=1 1 2 2, and ϕrec=2 0 2 0 0 2 0 2. B) An adiabatic TOSCY which consists of 16 adiabatic  (ca-WURST, 300 μs, 27.3KHz pulses) with the 
following phase cycle, 0 0 2 2 0 2 2 0 2 2 0 0 2 0 0 2, precedes this sequence, and the additional pulses in panel B are appended. In this part of the 
sequence the following phase cycling was used: ϕ1=0, ϕ2=1, ϕ9=0 1 2 3, ϕ10=1 1 2 2, and ϕrec=0 2 2 0 2 0 0 2. The bottom panel shows the results of 
these sequences on 1-13C-Glucose. Sequence A leads to panel 1 in which only the one bond 1H-13C bonds are detected. Panel 2 shows the result of data 
collected after the TOCSY block in B. At this point the data resemble and HSQC-TOCSY (note this data is not actually collected but is included for clarity). 
Panel 3 shows the result of sequence B. In this case, the 1H-13C bonds are subtracted. Leaving only signal from 1H-12C that is in the same spin system as a 
13C. In practice the data collection is interleaved with sequence A being collected for first slice and then sequence B being collected for the second slice 
and so on. The data are then split at the end of the experiment to give panels 1 and panels 3. 
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Fig. 2 Examining the process of monitoring 13C-12C Bonds using 1-13C-Glucose. A) 2D reverse HSQC that only 
detects 13C atoms (i.e. result from sequence 1A), the glucose molecule contains the labelled carbons in blue. B) 2D 
13C-12C sequence with a 30ms TOCSY mixing time that selectively detects COSY-like relays and subtracts the signals 
from 13C (i.e. the result from sequence 1B). C) The overlaid spectra of the 2A and 2B. 13C are show in blue while 
relays to 12C are shown in red. With a 30ms TOCSY mixing if a blue crosspeak is seen on the same row as the red 
crosspeak it means they are directly bonded in the molecule. 
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Fig. 3 Following a simple process of fermentation. 1-13C-Glucose was mixed with Baker’s yeast 
(Saccharomyces cerevisiae) for 24 hours inside the NMR to monitor the formation of 1-13C-ethanol. Carbons 1 
and 2 in glucose are used to form ethanol through fermentation, A) The same overlaid spectrum from Figure 
2C prior to the fermentation reaction, B) 24 hours after the addition of yeast. 13C is seen in blue, and the 12C 
relays are in red. In this case, ethanol is formed with methylene group from 12C and the methyl group from 13C. 
C) Simplified fermentation process with 1-13C-glucose.
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Fig. 4 Sequence applied to Daphnia magna extracts. Organisms were enriched for two weeks from birth with 99% 13C enriched algae. 
They were then switched to natural abundance 12C algae and monitored for four days. Samples were taken every 24 hours and 
extracted using a phosphate buffer. A) Overlaid 2D NMR of the 96-hour sample. Blue is the 13C remaining in the organisms and red is 
the 12C relays to the new bonds formed. There are five regions of interest highlighted in green. 1) Adenine from 13C bonding with 12C 
ribose from the algae used in energy formation, 2) 13C lipids containing 12C unsaturation indicative of lipid synthesis, 3) Protons in the 
13C lipid chains relaying to 12C adjacent to oxygen, 4) Carbohydrate components including a mix of carbon enrichment in glucose as it 
moves through the TCA cycle and glycogenesis, 5) A mixture of glutamate and glutamine amino acids. B) 1D 1H projections for all the 
time points showing the uptake and use of 12C in the Daphnia. EM = Energy Molecules, AA = Amino Acids, C = Carbohydrates, and L = 
Lipids.
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Fig. 5 Arabidopsis thaliana grown in the dark with 13C6-Glucose as the primary carbon source. A) One day of 
growth with 13C in blue and an absence of relays due to the lack of new bond formation. B) Seven-day 
growth of plants with 13C in blue and 12C relays in red. Three areas of interest are highlighted in green. 1A) 
α13C-β12C glutamate relays, 1B) α12C-β13C glutamate relays, an essential amino acid in plants, 2) Relays from 
glucose from glycolysis and TCA cycle, 3) Formation of energy molecules derived from the glucose and TCA 
cycle.
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Fig. 6 Testing the 13C-12C sequence on an in-vivo sample of Daphnia magna. In this case, the Daphnia were cultured from birth for 
two weeks using 99% enriched 13C algae, and then switched to natural abundance 12C algae for 9 days. A) 2D HSQC of day zero Daphnia 
(i.e. not 12C fed), B) 13C-12C spectrum at day zero, no relays were detected due to the lack of 12C in the system (note the streak at 5 ppm 
is residual water), C) 13C-12C relays of Daphnia after nine days of exposure to 12C algae as the food source. Relays have started to 
appear due to the assimilation of the new food into their biomass, D) An expansion of the lipid region highlighting the new bonds that 
are formed. 
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Fig. 7 The basic quantitative sequence. Block B produces the same result as Figure 1B in that the 13C signals are subtracted to 
leave only relays to 1H-12C. Figure 7A is derived from 7B with goal to keep the pulses, durations and timing identical between the 
two sequences. By reorganizing the x-filter element (block B) to become a spin-echo on carbon, and eliminating the carbon 
phase cycling (i.e. ϕ8= 0 in block A), block A essentially does nothing and allows signals from both 1H-12C and 1H-13C to pass. The 
data from A and B are collected in an interleaved fashion. Narrow rectangles indicate a 90° pulse whereas wide rectangles 
indicate a 180° pulse. Unless otherwise stated, pulses are applied along the x-axis. Open trapezoids represent smoothed chirp 
pulses for inversion with a pulse length of 500 µs, a sweep width of 60 kHz, defined by 1000 points and with a 20% smoothing of 
the amplitude on either end. The pulsed field gradients are indicated as filled sine enveloped and are 1ms in length. The 
amplitudes of the gradient pulses have the following ratio: G3=60%, G4=40%, G5=31%, G6=19%, G7=23%, and G8=13% (with 
100% being 53.5 G/cm). The pulsed field gradients are applied along the z-axis followed by a gradient recovery delay of 200 μs. 
The following phase cycling was used for the pulse sequences: ϕ1=0, ϕ2=1, ϕ3=0 2, ϕ4=0 0 0 0 2 2 2 2, ϕ7=0 0 0 0 2 2 2 2, ϕ8=0, 
ϕ9=0 1 2 3, ϕ10=1, and ϕrec=0 2 0 2 2 0 2 0. The adiabatic TOCSY is comprised of 16 adiabatic (ca-WURST, 300 μs, 27.3KHz pulses) 
with the following phase cycle, 0 0 2 2 0 2 2 0 2 2 0 0 2 0 0 2. Sequence 7A results in spectra one, where both the 13C and 12C is 
acquired. In this case, 1,2-13C-Glucose was used, 7B subtracts the 13C information leaving only the 12C as can be seen in spectra 
two. This allows for quantification by examining signal loss between 7A (the control) and 7B (the 12C-only spectrum), the 
difference being the % 13C at a specific site.
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Fig. 8 A simple example of the potential for quantification on 1,2-13C-Glucose. A) Top spectra is the 1H projection from 
the quantitative reference (both protons on 12C and 13C appear), and the bottom is the 12C-only sequence (only 1H on 12C 
are observed), B) The superimposed spectra shows the 13C completely cancel resulting in the red 12C signals. This 
theoretically allows for quantification by measuring the signals loss in the 12C-only sequence relative to the reference 
which represents the % 13C at that specific position within the molecule. 
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